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Introduction
[2] Drake Passage (Figure 1) is the narrowest passage for the Antarctic Circumpolar Current (ACC) and connects the Pacific and Atlantic Oceans. Drake Passage is about 800 km wide at its shortest crossing between Cape Horn (Chile) and Greenwich Island (South Shetland Islands). The hydrography of Drake Passage is reasonably well studied due to its important role in global ocean circulation. Much less is known however, about the trace metal distributions and biogeochemical cycles. The aim of this paper is to start filling in this void for dissolved aluminum (Al) and manganese (Mn) . During the International Polar Year (2007 -2008 an expedition aboard R/V Polarstern went to the Southern Ocean and crossed Drake Passage. The GEOTRACES team onboard sampled this understudied region over the entire water column.
[3] Dissolved Al occurs in a wide range of concentrations in the open ocean and the distribution of Al shows the strongest interbasin fractionation known for any trace metal [Bruland and Lohan, 2004] . In the central North Pacific concentrations are 8 to 40 times lower than at corresponding depth in the central North Atlantic [Orians and Bruland, [Brown et al., 2010] to 4 years [Orians and Bruland, 1986] in the oligotrophic open ocean. The removal of Al from the water column can be passive scavenging [e.g., Hydes, 1979; Moore and Millward, 1984; Orians and Bruland, 1985] , but also active uptake of Al by diatoms [e.g., Stoffyn, 1979; Gehlen et al., 2002 , Middag et al., 2009 . In the deep ocean the residence time of Al is much longer, between 50 and 200 years Bruland, 1985, 1986] , due to less scavenging. However, this relatively long deep ocean residence time is still much shorter than the time scale of ocean circulation and the deep ocean water mass renewal time of about 1000 years. Therefore deep [Al] depends on local sources like diffusion from sediments [Hydes, 1977] , pressure dependent solubility of Al-containing particles [Moore and Millward, 1984] and deep convection [Measures and Edmond, 1992; Middag et al., 2009] . Upwelled deep water is generally low in dissolved Al and extra Al can only be supplied to surface waters by external lithogenic sources, i.e., dissolution of aeolian dust input from above, river input or input from partial dissolution of lithogenic (shelf) sediments. Much of the river input of dissolved Al precipitates due to estuarine removal processes Aller, 1984a, 1984b] and does not reach the open ocean in significant quantities [Tria et al., 2007, and references therein] . In the open ocean, the surface [Al] has been related to atmospheric dust input (initial model by Measures and Brown [1996] ) which varies markedly between ocean regions [e.g., Measures and Vink, 2000; Gehlen et al., 2003; Kramer et al., 2004; Han et al., 2008] .
[5] Manganese (Mn) is an essential nutrient. Like Al, it exists in nanomolar concentrations in the world's oceans [e.g., Elderfield, 1976] , despite the high abundances in the earth's crust [Wedepohl, 1995] . In natural seawater the distribution of Mn is largely controlled by redox chemistry. Dissolved Mn occurs as Mn ions, but these are thermodynamically unstable in the presence of oxygen and will tend to precipitate as insoluble Mn oxides [Sunda and Huntsman, 1994] . Mn oxides that form in oxic seawater are eventually lost from the water column by particulate scavenging and sinking. Microbial Mn oxidation promotes the removal of dissolved Mn from seawater [Sunda and Huntsman, 1988, and references therein; Tebo et al., 2007, and references therein] . In the photic zone however, Mn can be reduced back to soluble Mn ions by photo reduction [Sunda et al., 1983; Huntsman, 1988, 1994] . This photo reduction in combination with other surface sources like atmospheric input [e.g., Landing and Bruland, 1980; Baker et al., 2006] or fluvial input [e.g., Elderfield, 1976; Aguilar-Islas and Bruland, 2006; Middag et al., 2011b] lead to the elevated surface concentrations of Mn typically observed in the open ocean. The algal community may remove Mn actively [Sedwick et al., 1997] , and recently a depletion of Mn in constant proportion to phosphate depletion has been observed in the surface waters of the Southern Ocean [Middag et al., 2011c] . Below the surface layer and absent any sources of Mn, oxidative precipitation and subsequent loss of dissolved Mn from the water column lead to low background concentrations. These have been estimated to be around 0.15 nM in the deep Atlantic Ocean [Statham et al., 1998] and similarly low deep concentrations have been reported for the Pacific Ocean Bruland, 1980, 1987] . In the absence of oxygen the concentrations of dissolved Mn ([Mn] ) are much higher, for example in the deep anoxic water column and sediments of the Black Sea or Cariaco Trench, concentrations as high as 8.1 mM have been observed [e.g., Jacobs et al., 1987; Haraldsson and Westerlund, 1988; Lewis and Landing, 1991; Yemenicioglu et al., 2006; Percy et al., 2008] .
[6] Other sources of Mn are hydrothermal input [Klinkhammer et al., 1977; Klinkhammer and Bender, 1980] and dissolution from sediments, especially from continental shelves with reducing sediments [Heggie et al., 1987; Laës et al., 2007] . Active hydrothermal vents are most prominent in fast spreading regions like the deep Pacific, but are also found in slower spreading regions [Baker and German, 2004] . Hydrothermal vents release high concentrations of reduced trace metals like Mn and iron (Fe), but also primordial trace gases like helium (He) [Well et al., 2003; Farley et al., 1995] . In the productive shelf seas, the export of particulate matter to the seafloor and the subsequent microbial breakdown with associated oxygen consumption can lead to anoxic or suboxic conditions in the sediment. Under these circumstances Mn gets mobilized from the sediments into the pore water [Rutgers van der Loeff et al., 1990] and can subsequently diffuse into the overlying water column by a gradient flux [e.g., Sundby and Silverberg, 1985; Pakhomova et al., 2007] .
[7] Pore waters and partial dissolution of shelf sediments can be a source of trace metals in the ocean adjacent to the shelf, especially in a relatively narrow channel like Drake Passage. In the deep Drake Passage the waters of the ACC are influenced by both Pacific and Atlantic Ocean waters. Moreover, due to the close proximity of South America, dust input has to be considered as a surface source of Al and Mn for Drake Passage. Biological uptake of Mn is likely a sink for Mn, as low [Mn] in the surface layer of Drake Passage has been reported previously [Martin et al., 1990] . The combination of these different processes affecting the distributions of Al and Mn in the relatively narrow region of Drake Passage, combined with low concentrations, make this one of the most challenging and therefore interesting ocean regions to assess and interpret the trace metal distributions.
Methods
[8] Samples were collected in April 2008 aboard R/V Polarstern during expedition ANT XXIV/3 departing 10 February from Cape Town (South Africa) and arriving 16 April at Punta Arenas (Chile). The transect crossing Drake Passage (Figure 1) from just east of Elephant Island near the Antarctic Peninsula to the southeast tip of Tierra del Fuego (Argentina) consisted of 10 Trace Metal (TM) stations, each comprising 24 sampling depths. At TM stations seawater was collected using 24 internally Teflon-coated PVC 12 L GO-FLO samplers (General Oceanics, Inc.) mounted on an all-titanium frame which was connected to a Kevlar wire and controlled from onboard [de Baar et al., 2008] . These GO-FLO's were conditioned (not acid or detergent washed) at the beginning of the cruise by lowering and again recovering the open samplers throughout the full $4km depth of the open ocean water column.
[9] Samples for Al and Mn analysis were collected from the GO-FLO bottles in a class 100 clean room environment [de Baar et al., 2008] . The water was filtered directly from the GO-FLO sampler through a 0.2 mm filter capsule (Sartrobran-300, Sartorius) under nitrogen pressure (1.5 atm). Therefore all trace metal data reported in this paper is categorized dissolved. The Low Density Polyethylene bottles (LDPE, Nalgene) used for the storage of reagents and samples were cleaned according to an intensive three step cleaning procedure as described by Middag et al. [2009] . Filtered seawater samples were taken in cleaned LDPE sample bottles (125 ml) from each GO-FLO sampler. All sample bottles were rinsed five times with the sample seawater.
[10] Due to the water requirement of other cruise participants 232 samples (instead of 240 samples) were analyzed for Al and Mn from the 10 deployments at the TM stations. Of the 232 samples analyzed, 18 samples (7.8%) for Al and 11 samples (4.7%) for Mn were suspected outliers and therefore not further used in data analysis and figures presented here. Suspected outliers were identified following criteria as described by Middag et al. [2011a Middag et al. [ , 2011c . The complete relational database includes specific flags for suspect or rejected outlier values and will be available at the international GEOTRACES datacenter (http://www.bodc.ac.uk/geotraces/) and can also be found in the auxiliary material. 1 [11] Analysis of dissolved Al was performed onboard as described by Middag et al. [2011a] with the lumogallion fluorometric method (flow injection) after Brown and Bruland [2008] . The system was calibrated for every station using standard additions to filtered acidified seawater with a low concentration of Al that was collected in the region. The blank was determined for every station and the average blank value was 0.17 nM (SD = 0.02 nM; n = 10). The value of 0.2 nM was the maximum allowed blank before starting a series of analyses. The limit of detection, defined as three times the standard deviation of the lowest concentration observed, was 0.07 nM. An internal reference sample was analyzed 36 times on different days during the entire cruise (average 3.56 nM) and the relative standard deviation of the 36 analyses was 3.16%. The relative standard deviation of the triplicate analyses on the separate days was on average 1.5%. The flow injection system was cleaned every day by rinsing with a 0.5 M HCl solution. Samples of the SAFe intercalibration program [Johnson et al., 2007] were analyzed in triplicate. Results for both SAFe Surface (S; 1.68 AE 0.04 nM; n = 8) and SAFe deep (D2; 1.01 AE 0.08 nM; n = 17) from 1000 m water are in good agreement [Middag et al., 2011a] with the community consensus values (S; 1.74 AE 0.09 nM and D2; 1.04 AE 0.10 nM, http://www. geotraces.org/).
[12] Analysis of dissolved Mn was performed onboard as described by Middag et al. [2011c] with the luminol chemiluminescence flow injection analysis method developed by Doi et al. [2004] , modified to buffer the samples in-line [Middag et al., 2011c] . The system was calibrated for every station using standard additions to filtered acidified seawater with a low concentration of Mn that was collected in the region. The blank was determined for every station and the average blank value was 0.02 nM (SD = 0.003 nM, n = 10). The limit of detection defined as three times the standard deviation of the blank was <0.01 nM. An internal reference sample was analyzed 40 times on different days during the entire cruise (average 0.44 nM) and the relative standard deviation of the 40 analyses was 3.2%. The relative standard deviation of the triplicate analyses on the separate days was on average 1.3%. The flow injection system was rinsed every day with a 0.5 M HCl solution. Samples of the SAFe intercalibration program [Johnson et al., 2007] were analyzed in triplicate. The resulting concentrations of Mn for both SAFe Surface (S) (0.73 nM, n = 1) and SAFe deep (D2) from 1000 m (0.32 AE 0.01 nM, n = 37) agree with the majority of the labs contributing to the consensus value (http://www. geotraces.org/science/intercalibration) [Middag et al., 2011c] .
[13] Regular CTD/Rosette hydrocasts were done in addition to the special TM hydrocasts (Table 1 ). These regular hydrocasts were done at separate stations and as additional hydrocasts at most TM stations, as not all samples could be taken from the all-titanium trace metal sampling system. The salinity (conductivity), temperature and depth (pressure) were measured with two different CTD's of same type (Seabird SBE 911+), one from the Netherlands Institute for Sea Research (NIOZ) mounted on the all-titanium trace metal sampling system for TM hydrocasts and one from the Alfred Wegener Institute (AWI) on the regular CTD/Rosette used for regular hydrocasts. Both had been calibrated before and after the expedition by the company (Seabird). Moreover, the conductivity sensors were calibrated during the cruise against salinity samples measured onboard. Light transmission was measured using a transmissometer (WET Labs C-Star SN CST-814DR) mounted on the regular CTD. Light transmission data was converted to coefficient of attenuation ( = Àln (transmission)/(transmissometer path length)) which is linearly related to the amount of particles present in the water column.
[14] Samples for He isotopes were taken from the regular CTD/Rosette hydrocasts and not from the TM hydrocasts. The samples were drawn and stored in gas-tight copper tubes [Sültenfuß et al., 2009] and later analyzed in the laboratory (IUP, Institute für Umweltphysik, Universität Bremen, Germany). The extracted gases from the seawater samples were analyzed with a mass spectrometer system as described by Sültenfuß et al. [2009] . The accuracy for the isotope ratio (d 3 He = 100 Â ([ 3 He/ 4 He] observed /[ 3 He/ 4 He] atmosphere À 1) in %) is 0.4%.
Hydrography
[15] Several fronts exist in the relatively narrow Drake Passage: in moving south from Chile the Sub-Antarctic Front (SAF), the Polar Front (PF), the Southern Antarctic Circumpolar Current Front (SACCF) and the Southern Boundary of the Antarctic Circumpolar Current Front (SB ACC). The latter is also known as the Continental Water Boundary or Southern Boundary (SBdy). South of the SAF the Antarctic Circumpolar Current (ACC) flows eastward, extending unbroken around the globe. Within the ACC the mentioned PF and SACCF are found ( Figure 2 ).
[16] The SAF is defined as 'the location of the rapid descent of the salinity minimum' (looking from south to north) by Whitworth and Nowlin [1987] or by the maximum subsurface temperature gradient between the 4°and 5°C isotherms at 400 m depth [Lenn et al., 2008] . According to these definitions the SAF is located between TM station 251 and regular station 254 ( Figure 2 ; regular stations listed in Table 1 ). The PF is defined as the location where the temperature minimum begins its rapid descent to greater depth (looking from south to north) by Whitworth and Nowlin [1987] or as the northernmost extent of the 2°C subsurface temperature minimum by Pollard et al. [2002] . According to both definitions the PF was located between regular stations 242 and 243 (between TM stations 241 and 244). The zone between the SAF and the PF is known as the Polar Frontal Zone (PFZ). The SACCF is defined as location where the potential density anomaly (s q ) at 500 decibar (db) decreases below 27.70 kgÁm À3 (looking from south to north) by Barré et al. [2008] . According to this definition the SACCF was located between regular station 237 and TM station 238. The SB ACC is defined as the maximal thermal gradient in the potential temperature (q) maximum [Klatt et al., 2005] or as the location where the s q at 500 db decreases below 27.75 kgÁm À3 (looking from south to north) by Barré et al. [2008] . According to both definitions the SB ACC was located between regular station 228 and 229 (between TM stations 230 and 236). The zone between the PF and the SB ACC is known as the Antarctic Zone (AAZ) and to the south of the SB ACC the Weddell Scotia Confluence Zone (WSCZ) is found.
[17] Along the transect several water masses can be distinguished [Sudre et al., 2011] , which are briefly summarized here. Water masses with typical potential temperatures are detailed in the legend of Figure 2 . South of the SAF, Sub-Antarctic Surface Water (SSW) is found and south of the PF (AAZ) the cold and relatively fresh Antarctic Surface Water (AASW) constitutes the upper water layer.
[18] The core of Antarctic Intermediate Water (AAIW) is found around 1000 m depth close to the continental slope of South America and southwards (within the PFZ) the AAIW raises to about 500 m. Within the ACC (between the SAF and the SB ACC) the most extensive subsurface water mass Figure 5 ). However, at station 238 the [Al] decreased steeply with depth to a subsurface minimum of 0.23 nM at 100 m, while concentrations near Elephant Island remained around 1 nM with increasing depth. The Al surface enrichment at station 238 indicates an atmospheric source, corroborated by a surface enrichment that was observed for dissolved Fe (M. B. Klunder, PhD thesis in preparation, 2012). Contrarily, [Mn] was not elevated and one would expect a larger area to be affected by atmospheric input then just this one station, thus the origin of these elevated values remains unsure. Nevertheless, when also excluding this station with its relatively high [Al] surface concentration, the average decreases to 0.31 nM (SD 0.11 nM; n = 7) with a considerably lower standard deviation.
[20] A subsurface [Al] minimum was observed (Figures 6 and 7) around 100 m depth (95 AE 33 m), except at the two most southerly (stations 226 and 230) and the most northerly trace metal stations (station 252). When excluding these three coastal stations the average [Al] at the subsurface minimum was 0.18 nM (SD 0.05 nM). The relatively elevated surface [Al] compared to the subsurface minimum, indicates either a surface source, or increased scavenging by particles at the depth of the subsurface minimum. The latter appears not to be the case as two indicators of particle abundance, the fluorescence and coefficient of attenuation maximum, both are located at shallower depths. The only known surface source of Al to the open ocean is atmospheric dust input [e.g., Measures and Vink, 2000; Measures et al., 2005] . However, even though [Al] is relatively elevated with respect to the subsurface minimum, it is lower than most reported [Al] in other ocean regions with known low dust input. In the Pacific Ocean, for example, elevated surface concentrations (followed by mid depth minima) are usually observed [e.g., Orians and Bruland, 1986; Bruland et al., 1994; Measures et al., 2005] and range between 0.3 nM and 8 nM. The average surface [Al] in the upper 25 m of the ice covered Arctic Ocean is considerably higher as well at 0.98 nM (n = 56 SD = 0.3 nM) [Middag et al., 2009] . However, in the subarctic gyre of the North Pacific Ocean, Measures et al. [2005] reported surface water [Al] <0.1 nM for samples collected by a towed torpedo, but in the vertical profiles (collected with a CTD trace metal sampling system) surface [Al] was higher at $1 nM [Measures et al., 2005] .
[21] In the Southern Ocean along the prime meridian, low surface concentrations and a subsurface minimum were observed as well [Middag et al., 2011a] , but both [Al] in the upper 25 m and at the subsurface minimum are higher (0.5 AE 0.15 nM and 0.33 AE 0.13 nM respectively), compared to Drake Passage. This seems inconsistent with the notion that surface [Al] is related to dust input as the modeled dust input in Drake Passage is higher than in the more remote Southern Ocean around the prime meridian [Li et al., 2008, Figure 9; Han et al., 2008, Figure 9b ] due to the southeasterly pathway of the dust flux from Patagonia. However, the concentration of dissolved Al depends on dust input and solubility, but also on Al removal by scavenging processes [Orians and Bruland, 1986 ]. The lower [Al] in Drake Passage compared to the Southern Ocean prime meridian suggest a shorter residence time for Al in Drake Passage, consistent with model simulation results of Han et al. [2008, Figure 7 ].
[22] Moran and Moore [1992] suggested a first order dependence between oceanic scavenging rate constants for Al and 234 Th and suspended particle concentrations. The 234 Th distribution and depletion (with respect to 238 U) was, however, similar between Drake Passage and the prime meridian [Rutgers van der Loeff et al., 2011]. Thus lower [Al] in Drake Passage cannot be attributed to more intense scavenging based on the 234 Th distribution and depletion. However, to draw conclusions for the scavenging of Al from the depletion and scavenging of 234 Th, the elements should have similar surface residence times in Drake Passage and along the prime meridian. Otherwise the distribution of Al could be affected by scavenging on a longer timescale than the distribution of 234 Th. The residence time for Al ($10 days to 4 years) overlaps with the residence time for 234 Th (days to weeks), but the spread for Al is much larger. Moreover, Al is not only scavenged, but also taken up by diatoms in the siliceous frustules as well [Gehlen et al., 2002] . Therefore the 234 Th might not be as suitable as a proxy for Al scavenging by particles due to the different behavior of the two elements and more intense scavenging for Al in Drake Passage cannot be excluded.
[23] Alternatively, there may have been little dust input in the period prior to sampling or the modeled dust input to Drake Passage is over estimated, i.e., the prevailing winds are from the South Pacific Ocean and thus there is little dust input in Drake Passage. Using the MADCOW model [Measures and Vink, 2000] with an average mixed layer of 60 m, a 0.5 year surface ocean residence time for Al in Drake Passage [from Han et al., 2008] and the average of the current measured [Al] in the upper 60 m (0.32 nM), yields an estimated dust input in the range of 0.25-0.85 g m À2 y À1 (using 1.5 and 5% solubility, respectively). This is about an order of magnitude lower than the estimated dust input by the DEAD model [Han et al., 2008] . However, due to the underlying assumptions for the content and solubility of Al in dust and the residence time of dissolved Al these calculations are coarse estimates.
[24] There are virtually no dissolved Al sources in the South Pacific Ocean and with the prevailing eastward flow of the ACC this means that the initial concentrations of Al (i.e., the concentrations of Al without the local dust input) are low in Drake Passage. In contrast, the easterly region along the prime meridian, downstream of the ACC and Weddell Gyre, could have received the accumulated dust deposition (i.e., the dust deposited upstream) from Patagonia as well as Al input from the continents and the continental margins of the Antarctic Peninsula and South America (see sections 4.1.1 continental margins of Drake Passage and the accumulated dust deposition is responsible for the higher [Al] observed along the prime meridian.
[25] Within the ACC, surface [Mn] was much lower than near the Peninsula or South American continent (see below) and a subsurface maximum was observed. Surface concentrations were lowest ($0.1 nM) between the SACCF and PF with subsurface maxima of 0.25 nM at 200 m depth for station 238 and 0.22 nM at 200 m depth at station 241 (Figure 7) . This is comparable to results reported by Martin et al. [1990] , who reported 0.08 nM in the surface and 0.22 nM at 110 m depth. Lowest surface [Mn] coincided with elevated fluorescence and the 234 Th/ 238 U ratio showed highest export [Rutgers van der Loeff et al., 2011], indicating biological export of Mn. The [Mn] in source waters (i.e., water upstream in the Pacific sector of the ACC) is most likely a factor as well in the very low observed concentrations between the PF and SBACCF. However, the higher [Mn] of the subsurface maximum (and deeper), compared to the surface layer, cannot be explained by advection of low [Mn] water into this region. The current observations can only be explained if there is a sink for Mn in the surface layer. This is most likely due to active biological uptake as extensively discussed by Middag et al. [2011c] , where a similar surface distribution of Mn is described over a much larger area along the Prime Meridian. Subsurface maxima observed in that region, were suggested to be related to remineralization at this depth [Middag et al., 2011c ]. Surface water [Mn] of $0.2 nM in the PFZ was slightly higher than between the SACCF and the PF, but subsurface maxima of 0.26 nM at 100 m depth and 0.28 nM at 300 m depth (stations 244 and 249, respectively) were observed. This indicates Mn uptake in the surface layer and remineralization just below plays a role in the PFZ as well, but closer toward the SAF this phenomenon becomes less clear.
South American Side
[26] At the South American continental shelf break (station 252) surface [Mn] and [Al] were highest (2.3 nM and >14 nM respectively). However, both concentrations decreased steeply with increasing depth in the shallow ($410 m) water column to 0.25 nM and 0.45 nM, respectively, for [Mn] and [Al] (Figure 8 ). This indicates a surface source, but no significant flux of Mn and Al from the sediments. In the fresh (salinity < 34) upper 150 m (s q ranging from 25.37 to 26.59 kgÁm À3 ), [Mn] and [Al] were inversely correlated with salinity (R 2 = 0.99; n = 10; P < 0.001; see 1 order of magnitude is consistent with the reported behavior of Al brought into the oceans with land run-off. The bulk of the dissolved Al delivered by rivers precipitates in the estuary due to flocculation, authigenic aluminosilicate formation and consumption of Al at the sediment water interface [Mackin and Aller, 1984a , 1984b . This would explain the low [Al] observed near the sediments of the South American shelf (Figure 8 ) compared to the concentrations in the deep Drake Passage (Figure 3 ). However, intensive scavenging unrelated to estuarine processes (e.g., by diatoms) cannot be excluded either as the large spatial [Al] gradient (>14 nM to <0.4 nM) was observed over a comparatively small salinity gradient (32.8 to 33.9) between station 252 (shelf) and 251 (slope). Like surface [Al], surface [Mn] decreases toward Drake Passage to concentrations (0.15 nM in the upper 100 m of station 251) that are lower than expected based on conservative mixing. This indicates a sink for [Mn] , which is most likely biological uptake as suggested above. Moreover, influence of land run-off apparently did not extend beyond the surface layer of the shelf sea.
[27] Both higher [Al] and [Mn] were observed near the sediments of the continental slope around 1300-1400 m depth (station 251). Just south of the SAF (station 250), an Al maximum of 0.9 nM was observed around 900 m depth (s q 27.49 kgÁm À3 ), coinciding with the core of the AAIW (see section 3). Contrarily, [Mn] appears lower at this depth (Figure 4 ), but this is related to the higher concentrations at the subsurface maxima and the underlying SPDSW (see section 4.2.4). In the vertical profile there is actually a small [Mn] maximum (0.23 nM) at 900 m depth at this station. There is no apparent reason why the AAIW should have higher [Al] and [Mn] , nor was there an [Al] or [Mn] maximum at the depth of the AAIW at other stations. Dissolved Mn can be released from (reducing) shelf sediments [Heggie et al., 1987; Sundby and Silverberg, 1985; Johnson et al., 1992; Pakhomova et al., 2007] , but undisturbed sediments (i.e., no re-suspension) have been reported to act as a sink for dissolved Al Aller, 1984a, 1984b] . Thus the combination of elevated deep [Al] and [Mn] suggests re-suspension of sediment (with subsequent dissolution of Al and Mn) and Al and Mn rich pore waters. This process of re-suspension appears to elevate the trace metal concentrations near the South American continental slope. Contrarily, sediments of the shallow shelf sea do not appear to be a source of Al and Mn (Figure 8) , and possibly even a sink for Al.
Peninsula Side
[28] Near Elephant Island (station 226), [Mn] was elevated in the surface layer (s q 27.52-27.57 kgÁm À3 ) to over 2 nM and the coefficient of attenuation was relatively high (Figure 9 ). Farther into Drake Passage (station 230), surface [Mn] was still relatively high around 0.7 nM, followed by a subsurface maximum of 2.6 nM at 75-95 m depth at a s q of 27.50 kgÁm À3 (Figure 10 ). Concentrations of dissolved Al and iron (Klunder, PhD thesis in preparation, 2012) were elevated in the upper waters near the Antarctic Peninsula as well, but [Al] to much lower concentrations ($1 nM) than on the South American side (Figure 3) . Moreover, surface salinity was much higher (>34, not shown), thus land run-off was apparently not as significant a process near the Antarctic Peninsula. The vertical profiles of [Mn], [Al] and s q together (station 230, Figure 10 ), indicate that Mn and Al from the Peninsula shelf and slope protrude into the ACC along the $27.5 kgÁm À3 isopycnal (Figure 9 ). The advection of high [Al] and [Mn] into Drake Passage is also visualized in the color plots (Figures 3 and 4) . The source of the elevated [Al] and [Mn] is most likely sediment re-suspension, given there is no evidence for land run-off.
[29] Farther north at station 236, a strong increase with depth to a subsurface maximum of 0.77 nM [Mn] at 200m (s q 27.56 kgÁm À3 ) and 0.86 nM [Mn] at 250m (s q 27.61 kgÁm À3 ) was still observed, however without a corresponding maximum in [Al] ( Figure 6 ). This indicates Mn input from sediment re-suspension penetrates farther from the peninsula into the ACC (Stations 230 and 236) along the $27.5-27.6 isopycnal (Figure 9 ) than Al input. Most likely the Al scavenging by particles is faster than the oxidative scavenging of Mn. The influence of sediment resuspension from either the Peninsula or the South American continent does not affect the distribution of Al and Mn anymore in the middle Drake Passage. However, with the flow direction of the ACC being more or less perpendicular to this transect, the influence on the Al and Mn distribution downstream might be greater than can be concluded from this study.
Deep and Intermediate Distribution
[30] In the deep and intermediate water layers of Drake Passage, [Mn] is not as low and uniform as often observed in other ocean basins (see section 4.3). Lowest [Mn] at middepth was around 0.15 nM, which is comparable to concentrations observed in the ACC along the prime meridian, but higher than in the Weddell Gyre [Middag et al., 2011c] . Elevated [Mn] was observed in the deepest water layers of Drake Passage (Figure 4) , especially in the southern Drake Passage where WSDW influence has been suggested (see section 3). Furthermore, mid-depth maxima in the concentration of Mn were observed in the northern Drake Passage (Figure 4) where influence of SPDSW has been shown [Well et al., 2003] . In the intermediate water column, [Al] generally increased gradually with depth below the subsurface minimum ( Figures 6 and 7 ). Similar to [Mn], [Al] increased relatively steeply (>1 nM) in the southern Drake Passage with WSDW influence (Figure 3) .
WSDW Influence
[31] The influence of WSDW is visible in various tracers like nutrients, oxygen and low potential temperature, q (Figure 2 ). When plotting [Mn] versus q deeper than 3000 south of the SACCF, indeed a significant correlation (P = 0.01) appears (not shown). This indicates the higher [Mn] ($0.4 nM) in the deep southern Drake Passage is related to the influence of the WSDW. However, [Mn] in the WSDW in the Weddell Gyre was actually much lower, around 0.1 nM [Middag et al., 2011c] . Similarly, just the influence of WSDW cannot account for the elevated [Al] in the deep southern Drake Passage, as [Al] observed in WSDW in the Weddell Gyre was lower (0.3-1 nM) [Middag et al., 2011a] . In the cold and dense Weddell Sea Bottom Water (WSBW) [Mn] was only slightly higher (0.15 nM), but [Al] in the same range (1-1.5 nM) as in the deep southern Drake Passage was observed [Middag, 2010; Middag et al., 2011a Middag et al., , 2011c . However, there is no evidence suggesting a significant influence of WSBW in the deep Drake Passage and any WSBW influence would only be a fraction of the water present in the deep southern Drake Passage, thus unable to cause the elevated [Al] observed. The elevated [Mn] in the deep southern Drake Passage appear not to be of hydrothermal origin as then the d 3 He should be elevated as well [Klinkhammer et al., 2001] , which was not observed.
[32] However, the coefficient of attenuation increased as well in the WSDW influenced deep southern Drake Passage (Figure 9 ). According to Sudre et al. [2011] , the WSDW is propagated along the continental slope from the Weddell Sea into the southern Drake Passage. During this transport along the slope, apparently particles are getting suspended, thereby increasing the coefficient of attenuation. Subsequent partial dissolution of these particles and the input of Al and Mn rich pore water are then the most likely source of the elevated [Mn] and [Al] associated with this WSDW influence.
North Atlantic Deep Water Influence
[33] In the northern Drake Passage, like in the southern Drake Passage, [Al] increased gradually with depth below the subsurface minimum. However, highest concentrations (up to 1.3 nM) were usually not observed at the greatest sampled depth, but between 2500 and 3000 m depth, several hundreds of meters above the seafloor (Figure 7) . The deep Al maxima rise from around 3000 m depth at the most northerly stations to around 1750 m southwards of the SACCF (Figure 6 ). The maxima also became less profound in the southward direction. The depths of these Al maxima correspond with the depth range of LCDW [Sudre et al., 2011] that has a salinity maximum due to the influence of North Atlantic Deep Water (NADW). In the ACC along the prime meridian, Al maxima corresponded with the NADW salinity maximum, suggesting the Al-rich NADW is the source of the Al maxima [Middag et al., 2011a] . In Drake Passage, the Al maxima were much lower than the maxima of up to 6 nM observed along the prime meridian. The lower Al maxima are not surprising as the influence of NADW is less in Drake Passage, showing in the lower LCDW salinity in Drake Passage compared to the prime meridian. The Al and salinity maxima are somewhat vertically resolved in Drake Passage; Al maxima were observed just under the salinity maxima. This is most likely related to the concentrations of Al in the overlying UCDW and underlying SPDW. Mixing of LCDW with overlying, relatively Alpoor, UCDW and underlying, relatively Al-rich, SPDW results in an Al maximum located toward the deeper part of the LCDW, closer to the SPDW than to the UCDW. This fits the observed distribution of Al in the deep Drake Passage, indicating the Al maxima in the deep Drake Passage, although vertically resolved from the salinity maximum, are related to NADW influence. The NADW influence does not appear to influence the Mn distribution notably, as NADW generally has low uniform [Mn] in the same range ($0.15 nM) [Statham et al., 1998 ] as observed in the intermediate water column of Drake Passage.
Bottom Sediments Influence
[34] In the deep northern Drake Passage an [Al] increase toward the sediments was observed (Figure 7) . Similarly, [Mn] was relatively elevated at the greatest sampled depths farther north than the extent of the influence of the WSDW (Figure 4 ). However, [Mn] in the range of 0.2-0.3 nM, was not as high as in the region with WSDW influence. In the deepest water layers of Drake Passage no low oxygen saturations were encountered (all > 60%). An in situ Mn flux from undisturbed (not re-suspended) underlying sediments is very unlikely. The oxygen penetration of deep ocean sediments is usually well over 1 m and pore water [Mn] is therefore relatively low in the upper sediment [e.g., Rutgers van der Loeff et al., 1990] and Mn does not escape the sediment water interface [Pakhomova et al., 2007] . Even though [Mn] in pore waters is relatively low in oxygenated deep sea sediments, concentrations are higher than in the overlying water column. Re-suspension of sediments could therefore elevate the water column [Mn] via direct input of pore water and partial dissolution of sediment particles as seen near the continental margins.
[35] It has been suggested biogenic silica in sediments acts as a filter for Al, preventing large Al fluxes from the ocean sediments, especially in the Southern Ocean [Van Beueskom et al., 1997] . However, pore water [Al] in the deep Southern Ocean is much higher (up to 2 orders of magnitude [Van Beueskom et al., 1997] ) than in the overlying water column. Thus re-suspension of bottom sediments and pore water could definitely be a source of dissolved Al to the overlying water column. Besides high [Mn] and [Al], the coefficient of attenuation increased in the deep northern Drake Passage as well (Figure 9 ), but not as much as in the southern Drake Passage. These higher [Mn], [Al] and coefficient of attenuation indicate particles (and associated pore water) from the seafloor get re-suspended by the currents of the ACC through Drake Passage. All three parameters get elevated after sediment re-suspension, but even after particles have settled, trace metal concentrations remain elevated and diffuse away, giving rise to the somewhat different distribution between the attenuation coefficient and [Al] and [Mn] . The attenuation merely serves as an indicator sediment re-suspension is happening. Furthermore, [Al] and [Mn] are affected differently by re-suspension of sediment (e.g., input concentration and respective scavenging intensities) and thus have differences in their distributions as well. Bottom velocities of the ACC in Drake Passage are poorly known, but thought to be significant [Lenn et al., 2008] and based on the data presented here, apparently capable of resuspending sedimentary particles.
SPDSW Influence
[36] North of the SACCF, elevated [Mn] was observed in the 1500-2200 m depth range ( Figure 2 ). The actual maxima (0.25 to 0.32 nM) were found between 1750 m (station 241) and 2200 m depth (station 250). This depth range coincides with the influence of SPDSW and its d 3 He maximum from Pacific origin [Well et al., 2003; Sudre et al., 2011] . Plotting [Mn] versus d 3 He for the 1500 to 2500 m depth range between the SAF and SACCF (Figure 11 ) yields a robust correlation ([Mn] = 0.03*[d 3 He] À 0.11 with R 2 = 0.7; n = 19 and P < 0.0001).
[37] Outside the depth range where significant percentages of SPDSW are usually found [Sudre et al., 2011] , [Mn] and d 3 He appear not to be related. The correlation observed within the SPDSW influenced part of the water column is therefore a convincing indicator of a common source of the elevated [Mn] and d 3 He. As d 3 He is, like Mn, released at spreading mid-ocean ridges and via hydrothermal vents [Farley et al., 1995; Klinkhammer and Hudson, 1986 ], it appears the elevated [Mn] at mid-depth in the northern Drake Passage is from volcanically active ridges in the Pacific Ocean that the SPDSW has passed on its way to Drake Passage.
Comparison With Previously Reported Data and Other Ocean Basins 4.3.1. Aluminum
[38] Very little data has been reported thus far on concentrations of dissolved Al in Drake Passage. Hewes et al. [2008] reported averaged concentrations of dissolved Al of the upper water column for different water zones in the Weddell-Scotia Confluence. They used an epoxy-coated aluminum rosette frame with GO-FLO bottles and reported an [Al] of 2.0 nM (AE0.4 nM) for the upper 60 m along the shelf and shelf-break of Elephant Island (their water zone 3). When averaging the upper 60 m from the station just north of the shelf-break from this study (station 226), [Al] is 0.95 nM (AE0.11 nM) -a much lower value. In Drake Passage south of the PF, an average [Al] of 1.2 nM (AE0.3 nM) was reported by Hewes et al. [2008] for the upper 150 m (their water zone 1A). This is also considerably higher than the average concentration of 0.29 nM (AE0.07 nM) for the upper 150 m between the PF and SACCF from this study. There appears to be an offset of about 1 nM between [Al] reported by Hewes et al. [2008] and the data from this study. Such an offset might be related to temporal and spatial differences or temporal events like dust input, but this remains speculation. Otherwise, this apparent offset stresses the importance of rigorous use (and reporting of results) of standard reference samples such as the GEOTRACES or SAFe reference samples, as was done in this study (http:// www.geotraces.org/science/intercalibration).
[39] Van Bennekom et al.
[1991] report a vertical profile of unfiltered Al in the Scotia Sea somewhat further east (at 57°S, 49°W), collected by GO-FLO bottles on a coated stainless steel rosette frame. The general trend of the reported profile is similar to the observations in this study; an increase with depth from relatively low surface values to higher concentrations in the deep. However, the actual concentrations are much higher in the range of 1-3 nM compared to the range of 0.1-1.5 nM found in this study. Higher concentrations for unfiltered samples are expected, but this difference is thought to be in the order of 10% [Measures, 1999] . The reported precision (0.3 nM) reported by Van Bennekom et al. [1991] , is in the range of the actual Al values in this study, thus precluding comparison between the two data sets.
[40] Surface [Al] in Drake Passage are some of the lowest [Al] observed anywhere. To the best of our knowledge the only other concentrations this low are those reported for the HNLC waters of the Pacific subarctic gyres [Orians and Bruland, 1988; Measures et al., 2005; Brown et al., 2010] , parts of the California Current [Orians and Bruland, 1986] and the Atlantic sector of the Southern Ocean [Middag et al., 2011a] . However, the shape of the vertical profiles of [Al] in the low [Al] Pacific Ocean regions usually showed a middepth minimum, unlike the profiles observed in Drake Passage. So even though the concentration range is similar, different processes appear to control the distribution of Al in Drake Passage compared to the low [Al] Pacific Ocean regions. The profile shapes observed in Drake Passage and in the ACC further east along the prime meridian [Middag et al., 2011a] are more similar. However, surface concentrations in the ACC along the prime meridian were slightly higher than in Drake Passage (see section 4.1.) and the NADW influence was less profound in Drake Passage. This indicates similar processes control the distribution of Al in Drake Passage as in the Southern Ocean more to the east, but local differences like for example scavenging intensity, Figure 11 . Concentrations of dissolved Mn (nM) versus d 3 He in the northern Drake Passage for the 1500 to 2500 m depth range. Dissolved Mn and d 3 He were sampled at different casts, thus depths are not identical. However, all points used for this relation (R 2 = 0.70; n = 19; P < 0.001) were within 100 m depth from each other. At one exception (around 56°S in the PFZ), dissolved Mn and d 3 He data (4 data points) from two different stations were used as they were not sampled at the same station. The [Mn] data is from station 249 and the d 3 He from station 248 (Table 1) [Middag, 2010] during the same cruise as the currently reported Drake Passage data, was much lower ($0.8 nM over the shelf and $0.26 nM over the slope). This indicates the surface enrichment near Elephant Island is a local phenomenon. Very similar concentrations were observed in the deep at the onset of both continental slopes on the eastern (station 44 of Westerlund and Öhman [1991] ) and Drake Passage side of the Peninsula (station 230), with an average absolute deviation for similar depths of only 0.04 nM.
[42] For Drake Passage south of the PF, Hewes et al. This confirms that indeed [Mn] is generally much higher on the Drake Passage side compared to the data reported for the eastern side of the Peninsula.
[43] The [Mn] profile shape of the most southerly (station 226) and most northerly (station 252, Figure 8 ) stations in Drake Passage, is comparable with the general profile shape in the other major ocean basins. For example, in the Pacific Ocean [e.g., Bruland, 1980, 1987] , Atlantic Ocean [e.g., Bruland and Franks, 1983; Jickells and Burton, 1988; Landing et al., 1995; Saager et al., 1997; Shiller, 1997 ], Indian Ocean [e.g., Saager et al., 1989; Morley et al., 1993] and Arctic Ocean [e.g., Yeats, 1988; Middag et al., 2011b] the [Mn] profile generally shows elevated surface concentrations and low uniform deep values. At the remaining stations of Drake Passage however, the surface concentrations were not elevated, but either depleted or similar to the remainder of the water column. This indicates a lack of surface sources of Mn in the middle Drake Passage, likely in combination with biological uptake of Mn as observed in the ACC along the prime meridian [Middag et al., 2011c] . The dissolved Mn surface concentrations in Drake Passage are, like the [Al], among the lowest [Mn] observed anywhere. To the best of our knowledge, only in the Southern Ocean comparable [Mn] has been reported [Martin et al., 1990; Westerlund and Öhman, 1991; Sedwick et al., 1997 Sedwick et al., , 2000 Middag et al., 2011c] .
[44] Like the surface water distribution, the deep water distribution is different from the general ocean distribution (low and relatively uniform deep [Mn] ). The Drake Passage is influenced by WSDW inflow, sediment re-suspension and hydrothermal influence (see section 4.2), creating the unique deep Mn distribution in this narrow channel with high energy levels.
Conclusions
[45] The distribution of Al in Drake Passage is influenced by fluxes from the continental margins, by advection, and perhaps variations in scavenging intensity in surface waters on a relatively small spatial scale. The distribution of Mn in the Drake Passage is influenced by fluxes from the continental margins, by advection and by biological uptake in the surface layer. Lowest [Mn] was observed between the SAF and SACCF and these lower concentrations were most likely due to biological uptake. Highest [Al] and [Mn] were observed in surface waters close to the South American continent and are related to land run-off. However, these elevated concentrations disappear with depth over the water column and with distance into Drake Passage. This shows land run-off is only of influence over the shelf and does not appear to affect the distribution of dissolved Al and Mn in the ACC in Drake Passage.
[46] Over the South American slope and near the Antarctic Peninsula, re-suspension of sedimentary particles and pore water influences the distribution of Al and Mn. The influence of these fluxes from the continental margins into Drake Passage was only visible near the continental slopes. On the Antarctic Peninsula side the Mn distribution was affected farther into the ACC than the Al distribution. However, with the perpendicular flow direction of the ACC through Drake Passage, the influence on the Al and Mn distribution downstream might be greater than can be concluded from this one section study. Higher [Al] observed eastward along the prime meridian might partly represent this effect in combination with accumulated dust input.
[47] Elevated [Al] and [Mn] were observed in the deepest part of Drake Passage due to sediment re-suspension from the deep Drake Passage sediments. In the deep southern Drake Passage, the elevated [Al] and [Mn] appears to be caused by sediment re-suspension during transport of the WSDW along the continental slope. From the north, NADW brings relatively high [Al] to the Drake Passage and this shows in elevated concentrations in LCDW. This influence is most profound in the northern most Drake Passage. Elevated [Mn] in the deep northern Drake Passage is related to the hydrothermal vent sources in the Pacific Ocean that the SPDSW passes on its journey to the Drake Passage.
[48] The vertical profile shape of both [Al] and [Mn] in Drake Passage is different from what is observed in other ocean basins, but more similar to the Atlantic section of the Southern Ocean. The [Al] reported in this study is lower than previously reported studies in or near Drake Passage, perhaps due to differences in sampling or analytical techniques. This issue stresses the importance of the use of both ultraclean sampling methods as well as standard reference water such as the GEOTRACES or SAFe standards. The [Mn] is comparable to previously reported profiles in the Drake Passage.
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